Introduction {#S0001}
============

Nitrous oxide (N~2~O), commonly known as laughing gas, is one of the most widely used anesthetic, to relief pain and anxiety in both dental and medical applications.[@CIT0001],[@CIT0002] However, N~2~O is also recreationally used by young people for its euphoric and hallucinogenic effects.[@CIT0003],[@CIT0004] With the benefits of its low cost, legal status and quick effect, N~2~O abuse has become a common problem in many parts of the world. In fact, N~2~O has been reported to be the fourth most prevalent inhalant among adolescents in the USA and the second most popular recreational drug in the UK.[@CIT0005] In recent years, the recreational use of nitrous oxide gas is becoming increasingly popular in China. Despite its widespread abuse, the risk of adverse effects of N~2~O exposure is not sufficiently recognized yet.

Previous studies suggest that chronic abuse of N~2~O exponentially increases the risk of permanent neurological deficits and that stopping exposure to the toxin is the most critical first step for treatment.[@CIT0006] Multiple case studies have reported that the neurological and psychiatrical disorders, such as subacute combined degeneration, myelopathy, demyelinating polyneuropathy and emotional disorders, are related to N~2~O abuse.[@CIT0007]--[@CIT0010] There have even been deaths related to N~2~O inhalation.[@CIT0011]

Considering about the lack of awareness of N~2~O-abusing toxicity, we conducted a clinical study, which included a comprehensive and updated review of N~2~O abuse-induced neurological disorders. In this study, we also summarized the clinical manifestations, laboratory and electrodiagnostic characteristics, and magnetic resonance findings of 33 patients having N~2~O abuse-induced neurological disorders.

Patients and Methods {#S0002}
====================

Ethical Statements {#S0002-S2001}
------------------

The Clinical Research Ethics Committee of the Affiliated Hospital of Xuzhou Medical University approved this study protocol. The protocols were in accordance with the Declaration of Helsinki. Written informed consents were acquired from all participants or their legal guardians.

Participants {#S0002-S2002}
------------

Thirty-three patients diagnosed with N~2~O-induced neurological disorders at our institution from 2015 to 2019 were recruited in our study after ethical approval from the Clinical Research Ethics Committee of the Affiliated Hospital of Xuzhou Medical University. All patients had developed neurological symptoms such as acute ascending paresthesia, symmetrical distal limb weakness, cognitive decline or vision decline after exposure to N~2~O. All patients had undergone laboratory panel for a full range of laboratory tests, including complete blood count test, vitamin B~12~, folate, homocysteine, glycohemoglobin, thyroid function, syphilis, HIV, viral antibodies, rheumatic indicators, and paraneoplastic antibodies. The diagnosis of N~2~O related neurological disorders was comprehensively considered based on clinical examination, laboratory data, and radiological findings. For comparison, we selected 40 age- and sex-matched healthy volunteers were recruited for controls.

Clinical Manifestations and Electrophysiological Findings {#S0002-S2003}
---------------------------------------------------------

The charts of these patients were reviewed, and information regarding age, gender, height and weight and neurological manifestations (such as muscle weakness, loss of sensory, or cognitive decline) were recorded. Nerve conduction studies of all participants were performed on median, ulnar, peroneal, tibial, and sural nerves depending on the clinical manifestation. The data of compound muscle action potential (CMAP) amplitude, distal latency, sensory nerve action potential (SNAP) amplitude and conduction velocity were extracted.

Magnetic Resonance Imaging (MRI) Features {#S0002-S2004}
-----------------------------------------

All patients underwent MR scanning of the cervical, thoracic, lumbar spine and brain. T1-weighted MRI sequences with and without gadolinium were obtained. T2-weighted MRI sequences were used to obtain sagittal and axial images. The involved spinal cord segments (the number of vertebral segments), and their locations in the sagittal image (cervical, thoracic, or lumbar) were collected.

Statistical Analysis {#S0002-S2005}
--------------------

Data on the clinical presentation, laboratory tests, and outcomes were presented as mean ± standard error. Single factors were analyzed using Student's two-tailed *t*-test. All analyses were performed using GraphPad Prism software (La Jolla, CA), statistical significance was set at p \< 0.05.

Results {#S0003}
=======

Patient Characteristics {#S0003-S2001}
-----------------------

Among all the recruited 33 patients included in the systematic review, N~2~O abuse-related neurological disorders occurred most frequently among youth (mean age: 22.4 ± 2.7 years). The median N~2~O exposure period was 18 months and the mean time from the last N~2~O exposure to the onset of symptoms was 14.2 ± 2.2 days. The average BMI was 28.27 ± 1.95 kg/m^2^, which was above the normal cutoff values set by WHO guideline (25 kg/m^2^). The demographic data of the study population are summarized in [Table 1](#T0001){ref-type="table"}.Table 1Demographic Data of 33 N~2~O-Abuse Patients Included in This StudyMean ± SEMRangeAge (years)22.4 ± 2.714--27Gender29 males/4 femalesN~2~O exposure time (months)18 ± 4.3Last N~2~O exposure to symptom onset (days)14.2 ± 2.2Height (cm)176.7 ± 8.5155--190Weight (kg)89.5 ± 10.060--92BMI (kg/m^2^)28.27 ± 1.9522.37--29.06[^2]

Clinical Manifestations {#S0003-S2002}
-----------------------

Neurological symptoms were summarized as below: numbness in the extremities (30 cases, 90.9%), weakness (27 cases, 81.8%), unspecified gait disturbance (15 cases, 45.5%), cognitive decline (8 cases, 24.2%) and vertigo and vomiting (4 cases, 12.1%). Three patients complained about tremor of both hands, 2 patients had bladder dysfunction and 1 patient initially presented with the only symptom of vision decline.

Reported signs included symmetric paresthesia (90.9%), quadriparesis (81.8%), ataxia (60.6%), Lhermitte's sign (18.2%) and Babinski's sign (9.1%). Sensory deficit in a stocking glove distribution pattern and sharp spinal level were both presented in this study. Besides, vibration and position sense impairment was also found on a considerable number of patients (72.7%). Tendon reflex abnormalities were ubiquitous and ranged from generalized hyperreflexia with clonus to absent reflexes. The findings are specified in [Table 2](#T0002){ref-type="table"}.Table 2Clinical Manifestations of the 33 N~2~O-Abuse Patients Included in This StudyClinical DataNPercentageSymptoms Numbness2781.8 Weakness2781.8 Unsteady gait1545.5 Cognitive decline824.2 Vertigo and vomiting412.1 Tremor39.1 Urinary incontinence26.1 Vision decline13.0Signs Sensory deficit3090.9 Quadriparalysis2781.8 Vibration and position sense impairment2472.7 Sensory level412.1 Hyporeflexia2884.8 Hyperreflexia515.2 Babinski's sign39.1 Lhermitte's sign618.2 Romberg's sign1854.5 Ataxia2060.6

Laboratory Data {#S0003-S2003}
---------------

Nine patients presented low serum vitamin B~12~ levels, while high homocysteine levels were found in 27 patients. Other patients' vitamin B~12~ and homocysteine levels were within the normal range. The serum ferritin and folate levels were in the normal range in all 33 patients. In our study, there are only 2 patients showing mild decreased red blood cells (RBCs) count and hemoglobin levels with increased mean corpuscular volume (MCV) at the time of admission. The laboratory data are summarized in [Table 3](#T0003){ref-type="table"}.Table 3Laboratory Data of the 33 N~2~O-Abuse Patients Included in This StudyLaboratory DataMean ± SEMRangeVitamin B~12~ (pg/mL)275.9 ± 62.4187.0--883.0\
1806.0Folate (ng/mL)8.84± 2.323.1--20.5Homocysteine (µmol/L)38.6 ± 4.75.46--16.2Hemoglobin (g/L)139.6 ± 12.4130--175MCV (fL)95.7 ± 3.781.5--106.4Ferritin (µg/mL)303.5 ±56.430--400[^3]

Electrophysiological Characteristics {#S0003-S2004}
------------------------------------

As the majority of patients have typical symptoms and signs of peripheral neuropathy, all patients in the present study underwent nerve conduction studies. [Figure 1](#F0001){ref-type="fig"} contains the motor nerve conduction studies results. The mean compound muscle action potentials (CMAPs) amplitudes of N~2~O-abuse patients were significantly reduced in the peroneal nerve and tibial nerve. A significant prolonged distal latency and F-wave latency, and conduction velocity slowing was also observed. In contrast, CMAPs in the median and ulnar nerves were only moderately decreased among patients. [Figure 2](#F0002){ref-type="fig"} shows the sensory nerve conduction studies results. Severe reduction of sensory nerve action potentials and conduction velocity of N~2~O-abuse patients in the sural nerves were observed. Sensory nerve action potentials in the median and ulnar nerves were relatively preserved. Overall, our results indicated a sensory-motor neuropathy with the involvement occurred mainly in the lower limbs.Figure 1Motor nerve conduction study results in the health control (HC) and N~2~O abuse groups. (**A**) The compound muscle action potential amplitude, (**B**) motor conduction velocity, (**C**) distal latency, and (**D**) F-wave latency of each motor nerve for the HC (grey bar) and N~2~O-abuse (black bar) groups.**Notes: **Data are presented as mean ± standard error of the mean. Significant difference is indicated by \*\*p \< 0.01; \*\*\*p \< 0.001.**Abbreviations:** M, median nerve; U, ulnar nerve; P, peroneal nerve; T, tibial nerve.Figure 2Sensory nerve conduction study results in the health control (HC) and N~2~O-abuse groups. (**A**) The sensory nerve action potential amplitude and (**B**) sensory conduction velocity of each sensory nerve for the HC (gray bar) and N~2~O-abuse (black bar) groups.**Notes: **Data are presented as mean ± standard error of the mean. Significant differences are indicated by \*\*p \< 0.01; \*\*\*p \< 0.001.**Abbreviations:** M, median nerve; U, ulnar nerve; S, sural nerve.

MRI Findings {#S0003-S2005}
------------

16 N~2~O-abused patients (48%) had increased T2-weighted signal intensities in the posterior column on axial and sagittal series ([Figure 3](#F0003){ref-type="fig"}). There existed large variations in lesion size; however, they most commonly extended for 3--4 spinal segments. The lesion distribution of vertebral level is shown in [Figure 4](#F0004){ref-type="fig"}. The cervical spinal cord was more frequently impaired than other areas of spinal cord. The most commonly impaired vertebral levels were C3, C4 and C5 (50.6% each), followed by C2 (41.6%) and C6 (37.2%). In spite of lesions to the spinal cord, cerebral white matter lesions were also founded in bilateral frontal, periventricular, and centrum semiovale regions on brain MRI of our 4 patients ([Figure 5](#F0005){ref-type="fig"}).Figure 3Spinal cord MRI of a N~2~O-abuse patient who complained of unsteadiness while walking and limb numbness for 2 weeks. (**A**) Sagittal T2 MRI of the cervical spine demonstrating a high-signal lesion representing demyelination C2-C6. (**B**) Axial T2 MRI of the cervical spine shows hyperintense, symmetric and inverted V-shaped signals involving the dorsal columns of C2-C6. (**C**) Gadolinium-enhanced T1 MRI reveals the enhancement of the dorsal columns. (**D**) Gadolinium-enhanced axial T1 MRI shows a V-shaped enhancement of the dorsal columns.Figure 4The distribution of lesions detected in the spinal cord of N~2~O-abuse patients. The cervical spinal cord was more frequently impaired than other areas of the spinal cord. C3, C4 and C5 were the most common affected vertebral level.Figure 5Axial fluid-attenuated inversion recovery (FLAIR) scan of a N~2~O-abused patient who complained of memory decline for 1 month. (**A** and **B**) showed mild white matter lesions in periventricular regions.

Discussion {#S0004}
==========

N~2~O has been regarded as an effective and safe anesthetic for more than a century and applied on two billion patients.[@CIT0012],[@CIT0013] However, N~2~O is also used as an inhalant drug among recreational users for euphoric and hysterical effects and can cause vitamin B~12~ deficiency, and severe neural and psychiatric symptoms. The adverse effects of N~2~O exposure are insufficiently recognized despite its widespread use and the increasing cases reported on N~2~O-induced neurological disorders. Therefore, we performed a comprehensive retrospective review at our institution in patients with neurological disorders related to N~2~O abuse.

Neurological disorders caused by N~2~O use have long been noticed and studied. N~2~O abuse could cause subacute combined degeneration, myelopathy, demyelinating polyneuropathy, emotional disorders and even death.[@CIT0006],[@CIT0009]-[@CIT0011] In our present study, the most common clinical manifestation was the classic presentation of peripheral neuropathy with superficial sensory deficit and distal limb paresis. The symptoms and signs of ataxia, vibration and position sense impairment and unsteady gait were also founded on a considerable number of patients, suggesting the posterior column was frequently affected. The presence of lower limb weakness, sharp spinal level, hyperreflexia and positive Babinski sign in a few of our patients indicated N~2~O-induced myelopathy. As for the symptom of urinary incontinence in two of our patients could either be due to autonomic neuropathy or due to myelopathy. One patient in our study initially presented with the only symptom of vision decline, which has not been described in former reports, suggesting optic nerve can also be damaged by N~2~O abuse.

There is a growing number of clinical supports for using N~2~O as a treatment adjuvant in refractory depression. In a double-blind proof-of-concept trial, 20 patients with treatment-resistant depression were randomized to 50% N~2~O/50% O~2~ or placebo (50% O~2~) for 1 h in a cross-over design with sessions separated by 1 week. Symptoms of depression improved significantly at 2 and 24 h after receiving N~2~O compared with placebo. Three patients (15%) had a full remission after N~2~O compared with none after placebo. N~2~O is thought to exert its antidepressant action via inhibition of N-methyl-D-aspartate (NMDA)-type glutamate receptors.[@CIT0001],[@CIT0014] The current evidence for the use of N~2~O as a treatment in mood disorders is small, there is substantial interest in further exploring the potential utility of this novel approach in major psychiatric disorders. However, still, we should not ignore its psychiatric complications with chronic use. It has been reported that nitrous oxide abuse can produce psychiatric symptoms, showing as personality changes, emotional disorders (eg, anxiety, depression, mania), impulsive and aggressive behaviors, hallucination and delusions.[@CIT0015]

The main mechanism of neurological disorders caused by N~2~O abuse is its interference with the function of vitamin B~12~. Vitamin B~12~ is crucial for the synthesis and maintenance of myelin. N~2~O irreversibly oxidizes cobalt in vitamin B~12~, resulting in demyelination and other pathological changes in the nervous system.[@CIT0016],[@CIT0017] However, in our present study, only one-third of the patients were associated with low serum vitamin B~12~, while a total of 24 patients had normal or even elevated levels of serum vitamin B~12~. The proportion of patients with low vitamin B~12~ levels in our study was significantly less than previous reports. It has been reported that a normal or increased serum vitamin B12 level does not accurately reflect the underlying tissue availability of vitamin B12, and should not exclude vitamin B12 deficiency. The phenomenon that patients with vitamin B12 deficiency have normal or elevated serum B12 concentrations is termed "functional vitamin B12 deficiency". In this case, serum methylmalonic acid and homocysteine levels are more accurate to reflect vitamin B12 functional statuses.[@CIT0018],[@CIT0019] In our study, 27 of the 33 patients presented with high homocysteine levels, which was consistent with previous reports. Therefore, our results suggested that the level of homocysteine is a better biomarker for diagnosis of N~2~O-induced neurological disorders and a normal serum vitamin B~12~ level cannot be used to exclude genuine vitamin B~12~ deficiency and damage in this condition.

Previous study has described detailed electrodiagnostic features of N~2~O-induced neuropathy. N~2~O abuse could induce sensory-motor neuropathy with axonal and myelin damage (decreased CMAP and SNAP, slowing of MCV and SCV as well as prolongation of DL), and with predominant lower-limb involvement.[@CIT0020] These findings were corroborated in our present study. Besides that, we also found electrophysiological abnormalities of 3 patients who came to our hospital for memory loss or vision decline without symptoms of peripheral neuropathy.

Histopathological studies have revealed that N~2~O intoxication can result in brain atrophy, demyelination in the spinal cord and subcortical white matter in the brain. High-intensity signals in the posterior columns of cervical or thoracic spinal cord on T2-weighted MR scans in N~2~O-abuse patients have already been described before. However, few studies have reported changes on their brain MRI. Our present study further refined the neuroimaging characteristics of N~2~O-abuse patients. First, we found that the cervical spinal cord was more frequently impaired than other areas of the spinal cord, with the most common affected vertebral levels being C3, C4 and C5. The length of the spinal cord lesions was usually longer than three spinal segments. The typical MRI change in the spinal cord can be summarized as longitudinally extensive myelopathy (LEM), with predominant posterior columns of cervical cord involvement. Secondly, 4 of 33 patients showed white matter lesions in frontal, periventricular, or centrum semiovale regions on brain MRI, suggesting demyelination of cerebral white matter, which is the first report and a novel finding of N~2~O abuse causing cerebral white matter injuries.

Conclusion {#S0005}
==========

N~2~O abuse could induce severe neurological disorders, especially among young abusers. Nerve conduction studies showed a symmetrical sensory-motor neuropathy, with prominent lower limb involvement. The typical spinal MRI change of N~2~O abuse is longitudinally extensive myelopathy (LEM), with predominant posterior columns of cervical cord involvement. Cerebral white matter lesions could also be found on brain MRI.
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